The present article reports the governing influence of substituting the M 2+ site in nanoscale 
Introduction
Magnetorheological fluids (MRFs), which are colloidal dispersions of magnetic nanoparticles, can be dubbed as 'smart fluids' due to their magnetic field dependent tunable viscosity.
Conventional MR fluids consist of magnetic submicron particles dispersed stably in nonmagnetic liquids and these fluids show altered rheological behavior in presence of external stimulus (magnetic field) [1] . Consequently, MR fluids have received considerable attention in different technological applications, such as shock absorbers, brakes, clutches, seismic vibration dampers, control valves, torque transducers, polishing fluids, and have also been studied for biomedical applications like drug delivery, cell separation, diagnostics sensor, etc. [2] [3] [4] [5] .
Therefore, in-depth understanding of the fundamental rheological behavior of MRFs is essential for design and development of such field-responsive systems.
When the MRFs are exposed to a magnetic field, the dispersed magnetic nanoparticles (MNPs) coalesce to form a fibrillar microstructure. Under the action of shear, these fibrils or chains resist hydrodynamic deformation forces, leading to improved rheological parameters [6] .
It has been theorized that attachment and detachment of the sidechains from dense clusters of particles is responsible for the dynamic viscoelastic behaviors of MRFs [6] . Some studies have shown that the dipole interactions among MNPs are primarily responsible for the difference in aggregation behavior [7, 8] , which in turn governs rheological features. Measurement techniques like neutron scattering [9, 10] and X-ray scattering [11, 12] have been employed by researchers to reveal information regarding the field induced microstructures of the MRFs. Reports have also shown [13] that the stress relaxation process in a ferrofluid can be attributed to both linear chains and the dense bulk aggregates. Theoretical models have also been put forward to determine the viscoelastic responses of MRFs [14, 15] . These models propose that for highly concentrated MRFs, complexly shaped structures, larger than single chains observed in dilute MRFs, are majorly responsible for the augmented viscoelastic responses under field effect.
Zubarev et al. have suggested a few analytical models to explain the rheological behavior of ferrofluids [16] . To examine the structural configurations of MR suspensions under steady and dynamic flow, molecular dynamics [17, 18] simulations have been performed and the results indicate that the responses of chainlike structures are strongly dependent on the orientation relative to the direction of applied shear flow under field stimulus. This ultimately leads to pronounced anisotropic viscous behavior. Brownian dynamics simulations have also been used to understand magnetoviscous responses when the MRF is exposed to weak and strong dipole interactions with varying magnetic fields [19] .
Since the morphology and structure of MNPs influence the magnetoviscous responses of the MRFs, selection of proper magnetic nanocolloids have strong implications on the overall rheological behavior. Binary transition metal oxides (BTMOs) (denoted by AB 2 O 4 , where A, B = Co, Ni, Fe, Mn) have attracted considerable attention in this field due to their strong size and shape dependent magnetic properties [20, 21] . Ferrite nanoparticles (FNPs), which fall into the category of BTMOs, possess typical spinel structures. Here A and B are metallic cations positioned at two different crystallographic sites, the tetrahedral (A site) and the octahedral (B site) [22] . The common examples for ferrites are MFe 2 O 4 (where M = Mn, Fe, Co, Ni etc.) and many of these nanoparticles demonstrate superparamagnetic (SPM) properties. The superparamagnetism is manifested below a critical size of the nanoparticles of around 30 nm in diameter [22] . By regulating the M 2+ appropriately, the magnetic configurations of MFe 2 O 4 can be tuned to obtain high magnetic permeability and electrical resistivity. These nanoscale ferrites have been considered as the potential candidates in high-performance electromagnetic [23, 24] and spintronic devices [25, 26] .
If the M 2+ occupies only the tetrahedral sites, the spinel is termed as direct, whereas when it occupies the octahedral sites only, the spinel is called inverse [27] . Thus, the preferred location measurements (ZEISS Supra) were done to determine the morphology of the materials ( figure 1 (a)-(h)).
The crystallinity, phase purity, and successful formation of all the ferrite samples were confirmed by Powder X-ray (P-XRD) diffraction in the range of 2θ (5°-80° [38] . The XRD reflection patterns of spine slightly vary from one another due to the difference in their crystal field stabilization energy in their respective coordination geometry. 
3. Instrumentation
A non-polar liquid, silicone oil (SO) (procured from Avra Synthesis Ltd., India) was used to During the experiments, the sample temperature has been maintained constant at 300K using a Measurements of stress relaxation behaviors and magnetoviscous hysteresis have also been performed. The typical uncertainty involved in the measurements was within ±5%.
Results and discussion

Magnetorheology
Figures SF4-SF7 (Refer supplementary) illustrates the role of magnetic field in modifying the static rheological behaviors of the colloids. The increase in viscosity is due to the formation of chain-like structures by the nanoparticles within the colloids under the action of magnetic field.
At lower magnetic field strengths, the chains or fibrils formed within the MRF are typically linear. With increase of field strength, the number densities of chains improve with increasing aspect ratio of the fibril structures [39] . Further increase of field strength can lead to lateral coalescence of the chains, resulting in thick columns [40, 41] , and ultimately decrease in the magnetic field induced viscosity. All the samples (MRFs) exhibit shear thinning behaviors for the entire range of shear rates and magnetic field strengths. Reports have shown that the chains under confinement can show different responses compared to unconfined chains [42] , which is possibly the reason why ferrites with higher saturation magnetization show low viscous response to magnetic fields compared to the lower magnetization ferrites. The higher magnetization leads to agglomeration of the chains at lower field strengths, and the viscous response of the colloid does not improve at higher fields. 
where, χ is the magnetic susceptibility of the material [43] . Higher the value of λ more is the likelihood of formation of chains that are aligned along the direction of the magnetic field. This directly results in enhanced magneto-static particle interaction, leading to enhanced viscosity [42] . The coupling constant is known to have a quadratic relationship with the magnetic susceptibility. Thus, the slope of the M-H curve has a strong effect on the viscosity of the associated MRFs. The magnitudes of χ for the FNPs follow the order as Mn>Fe>Co>Ni ( fig. 2) and consequently, the magnetoviscous effect of their colloids obey the same order ( fig. 3 (a) ).
The yield stresses of the MRFs also reveal similar magnetorheological behaviors ( fig. 3 (b)). The yield stress provides an estimate of the force required to continuously deform the particle aggregates and chains which tend to reform in the presence of the magneto-static forces due to the applied magnetic field. Enhancement of yield values has been observed when the MRFs are exposed to increased magnetic field intensities (Figs. SF4-SF7). The yield stress is known to increase in a quadratic manner with increasing magnetic field strengths at low field regimes as
where 0  is the permeability of the vaccum, The augmentation of yield stress is pronounced in the linear regime of magnetization [45 -47] . At higher magnetic fields, around the magnetic saturation limit, the yield stress becomes field independent 2 0 ys M   (4) where M s represents the saturation magnetization. It is important to understand the comparative yield stresses of the MRFs ( fig. 4 (a) Hence, the static magnetorheological behavior in ferrite based MRFs is a strong function of the magnetic properties of the dopant atom. 
where, the shear stress (  ) is related to the yield stress ( y  ), the plastic viscosity ( pl  ) and the imposed shear rate ( ). The apparent viscosity app  for the MRF is defined as
Introducing the non-linear nature of the plastic viscosity, the apparent viscosity can be remodeled in terms of the infinite shear viscosity as
It is shown by reports that pl  would ultimately be equal to   , especially at high shear limits [51, 52] . The non-dimensionalized form of the eqn. 6 can be expressed as
where,  is a constant which is determined from fitting the experimental observations to the eqn. 9. The Mason number ( Mn ) is the ratio of the hydrodynamic shear forces to magnetic (ferrodynamic) forces in MRFs and is expressed as 5 (c) ). This behavior can be predicted using power law model as per [42] v Au  
where, A is the predicted magnetoviscous hysteresis area, u is a scaling factor, and v is an exponent of the shear rate ( ). The respective values of u and v of different MRFs have been listed in Table 2 . The reduction of hysteresis areas at increased shear rates indicates that the magnetic moment remanence due to interparticle interactions within the fibrils are overcome by the higher shear, which leads to loss of structural integrity of the fibrils. This leads to quicker lowering of the viscosity on withdrawal of the field, leading to lower viscous hysteresis. A point of interest may be noted from table 2. For the doped ferrite based MRFs, the values of u and v are very similar, which suggests that these fluids exhibit self-similar magnetoviscous hysteresis.
This point may find useful implications in dopant based magnetic nanoparticle synthesis for control of magnetoviscous hysteresis in the corresponding MRFs. 
Magneto-viscoelasticity
Oscillatory rheological responses of the MRFs have been examined to understand their dynamic behaviors. Fig. 6 (a) illustrates the magneto-viscoelastic behavior of the MRFs. The storage (G') and loss (G") moduli for the different MRFs are obtained from frequency sweep tests at different magnetic field strengths at constant strain amplitudes. In absence of magnetic field, for the entire range of frequencies, the G" is higher than the G', signifying predominantly liquid behavior.
Under the influence of magnetic field, the improvement of G' component indicates microstructure elasticity within the MRF. The particles within an MRF experience rotational resistance when in the presence of a magnetic field, due to competition between magnetic and hydrodynamic torques [55, 56] . The hydrodynamic torque tends to distort the alignment of particles induced by the magnetic field. At higher fields, the hydrodynamic torque on the fibrils is overcome by the magnetic torque, thus leading to a microstructure with elastic integrity. This leads to a behavior which mimics polymeric or elastic fluids (typically linear viscoelasticity behavior at high fields ( fig. 6 (a) ).The loss factors also exhibit improvement under field stimuli ( fig. 6 (b) ), which indicates enhanced dissipative behavior in addition to improved elasticity and is a preferred characteristics for dynamic applications. With increase in frequency, the adjacent chains are repeatedly sheared in each other's vicinity. Consequently, the hydrodynamic torque exceeds the magnetic torque, leading to viscous behavior (loss factor approaches unity) at high frequencies. Under the effect of magnetic field also no linear regime is observed. The crossover amplitudes have been illustrated in fig. 9 (a) . Increase in the field strength increases the crossover amplitude, thereby postponing the initiation of viscous deformation. Additionally, higher oscillatory frequencies lead to reduction in the crossover amplitude due to lesser relaxation time available to the fibrils to align with respect to the magnetic field. This leads to loss of microstructure elasticity locally, and leads to reduction in crossover amplitude. It is noteworthy that the MRFs of ferrites of higher magnetic moments (such as Mn based ferrite and Fe 3 O 4 ) exhibit reduction in the crossover amplitude at higher magnetic field strengths. This can be explained based on the inter-chain or inter-fibril magnetic interactions in such MRFs. Due to the high magnetic moment of the constituent particles in the chains, the magneto-static repulsion between neighboring chains will be high. This leads to decrease of the effective elasticity of the microstructure, and even more so at higher fields. Consequently, the crossover amplitude of the MRFs of such ferrites deteriorates at high fields. 
where, σ is the stress, ε is the strain and η is the viscosity of the fluid.
However, such a Newtonian three element fluid model fails to replicate the experimental viscoelastic moduli. This is atypical for the present case, as prominent linear viscoelastic regimes
were not identifiable from the amplitude and frequency sweep studies. A fractional order time derivative q is introduced in the constitutive equation of the dashpot to provide a realistic representation of a non-linear, non-Newtonian fluid system. For a non-linear, non-Newtonian dashpot, the stress is expressed as (15) where, β = kτ -q is a variable equivalent to viscosity and governs the viscous relaxation behavior, τ is the characteristic time and t' is the dimensionless time [60] [61] [62] . The net stress within the Voigt element of the 3 element systems is [63] 2 22
where, E is the elastic modulus of the associated spring component within the Voigt element.
The stress within the dashpot which is placed in series with the Voigt element is as (the index p governs the fraction response of the series dashpot) Additionally, the relaxation modulus (G(t)) also can be deduced from eqn. 16 and can be expressed as [64] ( / ) ( ) 1 
